The origins of the tropical Atlantic variability (TAV) are investigated using a coupled modeling surgery approach. The coupled global circulation model captures the major observed TAV modes: the Atlantic Nino (ATL-Nino), the North Tropical Atlantic (NTA) and the South Tropical Atlantic (STA) modes. With the modeling surgery, it is found that these variability modes predominantly originate from local tropical Atlantic climate system, while the remote ENSO and NAO forcing can enhance their variance and modulate their temporal evolution. Specifically, the interannual evolution of these modes is dictated predominantly by the remote ENSO, while the decadal evolution of these modes dictated by extratropical-tropical interactions within the Atlantic. Local oceanatmosphere coupling is critical for a full development of the NTA and the ATL-Nino, but is not necessary for the STA mode. In the NTA, SST anomalies are primarily associated with surface heat flux and enhanced by oceanic heat transport, but in the equatorial and South Tropical Atlantic, are primarily associated with oceanic heat transport through the vertical anomalous heat advection, and damped by the surface heat flux.
Introduction
Sea surface temperature in the tropical Atlantic ocean exhibits variability on a variety of timescales and in broad spatial patterns( e.g. Nobre and Shukla, 1996) . The dominant patterns of variability are characterized by interhemispherically SST gradient, and modulations in the strength of the southeast and northeast trades as well as the position and intensity of the intertropical convergence zone (ITCZ). Such climatic fluctuations thus have a profound impact on the rainfall in the surrounding landmasses, primarily northeastern Brazil and subsaharan West Africa ( Hastenrath 1978; Moura and Shukla, 1981; Folland et al., 1986) .
One of the key issues about the tropical Atlantic variability (TAV) concerns its origins ( Marshall et al., 2001; Xie and Carton, in this volume) . Unlike the tropical Pacific, the tropical Atlantic is not dominated by any single mode such as ENSO, rather subject to multiple competing influences from both local and remote processes. Several mechanisms have been proposed to explain the origins of the TAV. Some studies suggest that the interannual to decadal variability in the tropical Atlantic from coupled ocean-atmosphere interaction locally in the tropical Atlantic, which involves windevaporation-SST coupled feedback and ocean dynamics ( e.g. Chang et al., 1997) .
Other studies, however, suggest that the TAV can be triggered by remote forcing from climate variability outside of tropical Atlantic. Both observations and modeling studies suggest that ENSO in the tropical Pacific can exert a significant impact on the interannual variability over the tropical Atlantic ( e.g. Curtis and Hasterath, 1995; Enfield and Mayer,1997; Elliot et al., 2001; Saravanan and Chang, 2000; Czaja et al., 2002; Huang et al., 2002) via the anomalous atmospheric Walker circulation (Klein et TAV_agubook/6/19/2003 4 al., 1999 Chiang et al., 2000) and the Pacific-North America (PNA) teleconnection (e.g. Nobre and Shulka, 1996) . Studies also suggest the ENSO can impact the variability in the equatorial Atlantic through the change of the equatorial eastlies. Within the Atlantic basin, the North Atlantic Oscillation ( NAO) has been also found to have a significant impact on the tropical north Atlantic through the oceanic ( Hansen and Bezdeck,1996; Yang, 1999; Malanotte-Rizzoli et al., 2000; and atmospheric ( Nobre and Shukla,1997; Czaja et al., 2002) and coupled ocean-atmosphere ( Xie and Tanimoto, 1998) processes.
The key elements related to the origins of the low-frequency variability in the tropical Atlantic includes how the change of atmospheric circulation in response to local SST anomalies in the tropical Atlantic feedbacks on ocean, and what the role of ocean dynamics is. The latter is particularly concerned for the cause of variability at decadal timescales. Recent study suggested that the north tropical Atlantic variability is largely a response to remote NAO and ENSO forcing without the need to invoke local air-sea coupling and oceanic dynamics ( Czaja et al., 2002) . On the other hand, studies suggest that the local air-sea coupled feedback is very important for the full development of the NTA ( e.g. Chang et al., 2000; . At decadal timescales, modeling studies have suggested that the change in ocean heat transport and upper-ocean heat content may impact SST anomalies, and can potentially allow the coupled system to oscillate ( e.g. Chang et al., 1997; Huang and Shukla, 1997) , but these may be modeldependent (e.g. Carton et al., 1996; Dommenget and Latif, 2000; Seager et al., 2001 ). In the south tropical Atlantic (STA), recent study suggest SST anomalies are predominantly TAV_agubook/6/19/2003 5 generated by wind-driven oceanic circulation ( Häkkinen and Mo, 2002) , while the atmosphere tends to damp SST anomalies ( Barreiro et al., 2003) .
In this paper, we will explore the origins of the TAV using coupled modeling surgery ( CMS; Wu et al., 2003) with focus on the roles of (1) remote ENSO forcing and extratropical-tropical interaction in the Atlantic; (2) local ocean-atmosphere coupling; (3) oceanic dynamics on the generation of the TAV. The paper is constructed as follows. We will briefly describe the CMS and the simulated TAV in the coupled model in section 2. We then investigate the impacts of both ENSO and extratropicaltropical interaction on the temporal evolution of the TAV (changes of SST variance forced by ENSO and NAO have been studied in in section 3. We will study the role of local ocean-atmosphere coupling in generation of SST anomalies in the north and south tropical Atlantic in section 4 and the role of ocean dynamics in section 5, respectively. Conclusions and Discussions are given in section 6.
Coupled Modeling Surgery
The Coupled Modeling Surgery represents broadly a set of modeling approaches that can be used to identify the origins and causes of a specific variability mode in the coupled climate system. Two CMS strategies have been implemented: the partialcoupling (PC) and the partial blocking (PB). In the PC experiments, the atmospheric model sees a prescribed annual cycle of SST that is obtained from the CTRL in a specified region ( called the PC region) and sees the predicted SST from the full oceanatmosphere coupling elsewhere. The ocean model is forced by the full atmosphere-ocean flux calculated by the atmospheric model over the entire domain. Over the PC domain , TAV_agubook/6/19/2003 6 the surface fluxes that drive the ocean model are calculated using the SST predicted by the ocean model at each time step. Variability can still be generated in both the ocean and atmosphere in the PC region because of internal atmospheric variability. The PC approach may underestimate the atmospheric stochastic variability due to the fixed SST boundary condition ( Barsugli and Batissti 1998). Nevertheless, the fixed SST forcing of the AGCM is a frequently used approach in AGCM experiments, and therefore provides an useful reference to study the role of coupled ocean-atmosphere interaction in generating climate variability (e.g. Chang et al. 2000) . In the PB experiments, "sponge walls" are placed at specified latitudinal bands of the ocean component of the coupled system, such that oceanic teleconnection in different latitudes is cut off. Within the sponge walls, temperature and salinity are restored towards the annual cycle of the CTRL run.
The model we used is the Fast Ocean-Atmosphere Model ( FOAM; Jacob, 1997) .
The AGCM is the fully parallel version of the NCAR CCM2( R15) , with 17 vertical levels and the atmospheric physics replaced by those of CCM3; the OGCM is developed following the GFDL MOM with a horizontal resolution of 2.8º-longitude¥1.4º-latitude ¥16 vertical levels. Without flux adjustment, the model captures most major features of the observed tropical climatology ( Jacob, 1997; as in most state-of-art climate models.
FOAM produces a reasonable TAV, comparable with some state-of-art coupled models ( e.g. Dommergent and Latif, 2000; Huang et al., 2002) . The two leading EOFs of the SSTA show a symmetric mode and a dipole mode , consistent with the observations ( e.g. Houghton and Tourre, 1992 (Fig.1a3 , ATL-Nino, Zebiak,1993; Ruiz-Barradas et al., 2000) , which are consistent with observation although the order of the modes are somewhat altered . Both NTA and STA exhibits significant interannual variability with timescales ranging from 2 to 5 years, and decadal to interdecadal variability around 30 to 50-years (NTA, Fig.1b1 ) and 12-years (STA, Fig.1b3 ), respectively. In contrast to the NTA and STA, the ATL-Nino seems to be dominated by interannual variability (Fig.1b2 ).
The role of remote forcing
Observational studies have suggested the role of ENSO and the NAO (e.g. Curtis and Hasterath 1995; Nobre and Shukla 1996; Saravanan and Chang, 2000; Czaja et al., 2002) in the generation of the TAV. Qualitatively, the observational results are also supported by coupled ocean-atmosphere modeling studies ( e.g. Elliot et al. 2001; Saravanan and Chang 2000; Huang et al., 2002; Grotzler et al., 2000; . Recently, have quantified these two remote impacts using both traditional statistical method and model-aided dynamic method. Both approaches suggest that the remote impact contributes to nearly half of the variance of the tropical Atlantic SST variability at interannual and decadal timescales. Here, we will focus on how ENSO and extratropical-tropical interaction modulate the temporal evolution of the TAV, which has not been documented in most of previous studies. Some preliminary results have been reported in Wu and Liu (2002, ENSO) . .After that, the anomalous wind is weakened and the heat flux changes the sign to damp the SST anomaly. The correlation of wintertime (JFM) sea level pressure (SLP) with DJF Nino-3 SST shows a SLP anomaly over the subtropical North Atlantic and an opposite anomaly in the tropical Atlantic ( not shown).
The former was suggested to be a part of PNA teleconnection, and the latter be the reflection of an anomalous Walker circulation (e.g. Covey and Hasterrath ,1978; Klein et al., 1999) . In the STA, ENSO-induced warming also matures in the early spring although the southeasterly trades are reinforced (Enfield and Mayer, 1997) . The ( Fig.3a1-a3 ). The temporal evolution of the NTA and STA modes, however, undergoes substantial change in the absence of ENSO. Without ENSO, both the NTA and STA modes do not exhibit any prominent interannual oscillations (Fig. 3b1,b3) , and interannual variance within 3 to 6 years is reduced dramatically by 4o to 50 % for each mode. This suggests that the interannual variations of the NTA and STA modes are largely dictated by ENSO. In contrast to the interannual variability, the decadal variability of each mode does not show any significant frequency shift. Indeed, the multidecadal variability of the NTA becomes even more prominent, probably due to the suppression of the interannual variations. It should be noted that the suppression of ENSO has less impact on the high frequency end TAV_agubook/6/19/2003 10 of these variability modes. Indeed, the ATL-Nino still remains substantial variability within timescales shorter than 3 years.
(b) The role of extratropical-tropical interaction
In the Atlantic basin, climate variability in the extratropics and high latitudes including the NAO may affect the variability in the tropics through the oceanic ( Hansen and Bezdeck,1996; Yang, 1999; Malanotte-Rizzoli et al., 2000; and atmospheric ( Nobre and Shukla,1996; Czaja et al., 2002) and coupled ocean-atmosphere (Xie and Tanimoto, 1998) processes. These extratropical-tropical pathways seem to be present in FOAM control simulation. For example, the regression of SSTA with the NAO index shows a tripole-like structure over the northern hemisphere, and extratropical SSTA tends to show a tendency, although not significant, of equatorward movement .
To truly assess the impact of extratropical-tropical interaction on the TAV, we perform a sensitivity experiment, denoted as PBC-TAV, which is based on PC-TP, but also shuts off ocean-atmosphere coupling in the extratropical north and south Atlantic (poleward of 30˚) using PC surgery, as well as oceanic variability from the surface to the bottom using PB surgery. In this experiment, extratropical oceanic variability and thus oceanic pathway is completely shut off, but the atmospheric internal variability in the extratropics remains. Statistic assessment shows that the projection of this extratropical atmospheric internal variability on the TAV is only about 10 to 20% . (Fig. 4a1-a3 ). This readily tells us that the TAV originates from local ocean-atmosphere interaction. However, the temporal evolution of the TAV modes undergo significant change, particularly the decadal variations, as the extratropical-tropical interaction is shut off.
The power spectrum of these three modes is depicted in Fig.4b1-b3 . Compared with PC-TP, for the NTA mode, the multidecadal variability is suppressed substantially, while the interannual variability remains comparable ( Fig.4b1 vs. Fig.3b1) . A similar change is also observed for the STA mode, where the decadal peak around 12-15 years is suppressed ( Fig.4b3 vs. Fig.3b3 ). It is conceivable that the multidecadal variability of the NTA mode is mainly associated with the North Atlantic climate, and seems to be a reflection of the Atlantic Multidecadal Oscillation as noted in recent observational study by Enfield et al. (2001) ; similarly, the decadal variation of the STA mode is mainly associated with the south tropical Atlantic basin-scale decadal to interdecadal variability as documented in various observational studies ( e.g. Venegas et al., 1997) . For the ATLNino mode, the remarkable change seems to be the enhancement of variability around 8-years ( Fig.4b2 vs.Fig.3b2 ), although the mechanism remains to be identified. The PBC-TAV experiment suggest that the decadal variability in the north and south tropical Atlantic is predominantly associated with the extratropical-tropical teleconnection within the Atlantic. In other words, local ocean-atmosphere interaction alone cannot give rise to a decadal oscillation. The detail processes how extratropical-tropical teleconnection affects the tropics will remain as a further study. In the next, we will investigate the role of local ocean-atmosphere coupling.
The role of local ocean-atmosphere coupling
Above modeling surgery study suggest that the TAV arises from local oceanatmosphere interaction in the tropical Atlantic although remote ENSO forcing and extratropical-tropical interaction within the Atlantic can enhance the variance and modulate the temporal evolution of the TAV significantly. Local forcing of the SSTA includes both atmospheric internal variability and ocean-atmosphere coupled feedback.
Some studies suggest the local ocean-atmosphere coupling is critical for the full development of the TAV ( Chang et al., 1997 ( Chang et al., , 2000 , while others suggest that the coupling is not necessary to be invoked ( Czaja et al., 2002) . Recent studies show this positive feedback tends to occur in the deep tropics ( Saravana and Chang, 2000; Chang et al., 2000) .
To show the development of a NTA SST anomaly, we plot the regression of the surface wind, turbulent heat flux against the MAM NTA SSTA index ( Fig.5) . The surface wind anomalies are dominated by westerlies, which persists from earlier winter until middle summer. We noticed that the anomalous westerlies from November to March are largely attributed to both NAO (NDJ) and ENSO (DJFM), and subsequently are likely the response to the warming SSTA. The westerly wind anomalies induce heating at a rate of about 15 to 20
through reducing the evaporative heat loss.
After April, the heating is replaced by cooling although the anomalous westerlies is still dominant. This is because the heating induced by the anomalous westlies is overwhelmed by the enhanced evaporative heat loss due to the increase of specific TAV_agubook/6/19/2003 13 humidity at the sea surface. In general, the model captures the major features of the development of a NTA event in the observation, although the feedback of the atmosphere to a NTA SST anomaly in the model somewhat tends to be more broad rather than geographically limited in the deep tropics (Czaja et al., 2002) .
To assess the role of local air-sea coupling on generation of the TAV, we perform a PC-experiment, denoted as PC-G, in which air-sea coupling is shut off everywhere including tropical Pacific, extratropical Atlantic and tropical Atlantic. Compared with PBC-TAV, the magnitude of the NTA mode is reduced substantially by about 65% (Fig.6a1) . The message is clear: local air-sea coupling is critical to the full development of the NTA mode, consistent with the above analysis and previous AGCM studies ( e.g. Chang et al., 2000) . In sharp contrast, local air-sea coupling has virtually no contribution to the STA mode, suggesting that the STA mode may arise from atmospheric internal variability ( Fig.6a3) . The importance of the atmospheric internal variability on the STA mode tends to be consistent with the recent study by Barreiro et al. (2003) . For the ATLNino mode, local air-sea coupling contributes about 40% to the total variance (Fig.6a2) , which is in contrast to ENSO in the tropical Pacific, where air-sea coupling contributes about 80% to the total variance . This suggests that both coupling and atmospheric stochastic forcing are important for the equatorial Atlantic variability (Zebiak, 1993) . 
The role of ocean dynamics
Previous studies have invoked oceanic dynamics to explain the decadal variability of the tropical Atlantic ( e.g. Huang and Shukla, 1997; Chang et al., 1997 Chang et al., , 2001 ) because of the longer timescales associated with oceanic circulation, while other studies suggested that even decadal SST signal can primarily be explained by surface flux alone ( e.g. Carton et al., 1996) . Recent OGCM studies by Seager et al. (2001) suggested that the role of ocean in the tropical Atlantic is largely passive and damping. Here, we will assess the role of oceanic dynamics on the generation of the decadal TAV based on an analysis of upper ocean heat budget and coupled modeling surgery experiments.
(a) Upper ocean heat budget
To examine the causes of decadal SST changes, we have plotted the regression of the zonal mean heat flux and oceanic heat transport in the upper 50-m with the SST indices at different latitudinal band. The data has been annually averaged and then bandpass filtered to retain the variability between 8 to 60-years. It can be seen that in the north tropical Atlantic ( poleward of 5 ˚N), SST anomalies are predominantly driven by the surface heat flux, and enhanced by the oceanic heat transport; in contrast, in the equatorial and south tropical Atlantic, SST anomalies are predominantly generated by the oceanic heat transport, and damped by the surface heat flux ( Fig.7 a,b) . We further decompose the total ocean heat transport into the anomalous advection, mean advection as well as dissipation components. In the north tropical Atlantic, the meridional advection due to both Ekman flow and the mean northward flow tends to damp SST anomalies ( Fig.7 c,d) , consistent with the previous modeling studies Seagers et al. 2001 ). However, these damping effects are overwhelmed by the vertical advection of the mean temperature gradient due to the anomalous Ekman pumping (Fig.7e) . Physically, it can be interpreted as follows. Warm SST anomalies in the north tropical Atlantic are associated with the northward cross-equatorial wind and anomalous southwest trades, which deepens the thermocline in the north flank ( <20°N) of the equator, providing a heating source for the SST anomalies. The heating is partly compensated by the cold advection due to the southward Ekman flow generated by anomalous southwest trades ( Fig.7c ) and the mean northward flow (Fig.7d) . The latter tends to cool the equatorward side of SST anomalies but warms on the poleward side (poleward of 20N) (Fig.7d) . In the equatorial Atlantic, the warming ( cooling) is primarily generated by the anomalous downwelling (upwelling) of the mean vertical temperature gradient ( Fig.7e) and damped by the mean upwelling of the anomalous vertical temperature gradient ( Fig.7f) as well as surface heat flux (Fig.7a) . In the south tropical Atlantic, the SST anomaly is primarily generated by the anomalous vertical advection of the mean temperature gradient and damped by the surface heat flux and anomalous surface Ekman advection.
TAV_agubook/6/19/2003 16 It should be noted that although most of features shown in our heat budget analysis are consistent with the previous modeling studies Seager et al., 2001 ), the differences are also remarkable. Our modeling study suggests that the ocean heat transport plays an active role in the generation of SST anomalies in the NTA, in contrast to the passive role of damping as suggested in other studies (e.g. Chang et al., 2001; Seager et al., 2001) . The active role is primarily undertaken by the anomalous vertical advection of the mean temperature gradient. It is interesting to note that in the north of 15°N, both the mean meridional advection and the anomalous vertical advection tend to show an equatorward propagation, indicating the potential role of extratropicaltropical oceanic interaction on the tropical SST change.
To further investigate the role of anomalous advection in the generation of tropical Atlantic SST anomalies, we perform an additional surgery experiment denoted as TAV-Wind. In this experiment, the wind stress in the tropical Atlantic is constrained to the model climatology annual cycle, but the surface wind speed and thus heat flux are allowed change as in the control run. Outside of the tropical Atlantic, there is no constraints for any variables as in the control run. Here, we will only focus on how decadal variance will be changed in the absence of the anomalous advection. Figure 8 displays the ratio of variance change at decadal timescales in TAV-Wind relative to the control. It can be seen that the variance is reduced substantially within 10˚, with the maximum reduction in the equatorial Atlantic. In contrast, the variance is enhanced substantially poleward of 15˚ in both hemispheres.
The change of SST variance in TAV-Wind can be readily interpreted in terms of the above heat budget. In the tropics, SST anomalies are positively correlated to the anomalous vertical advection, and therefore preventing the latter will suppress SST variations. Outside of the tropics, both the anomalous meridional and vertical advection tend to damp SST anomalies, and thus preventing these anomalous advections can enhance SST variations significantly.
Summary and discussion
In this paper, a series of coupled modeling surgery experiments have been Values exceeding ±0.4 are shaded.
